Removal behavior of Zn, Pb, K and Na from cold bonded briquettes made by mixing four typical metallurgical wastes, as blast furnace dust, converter dust, electric arc furnace dust and converter sludge with proper proportions, in a simulated RHF (Rotary Hearth Furnace) were investigated in this paper. Effects of temperature and C/O molar ratio on metallization rate of iron oxides, and effect of temperature on removal rate of elements Zn, Pb, K and Na were checked respectively. The results show that when reduction temperature, C/O molar ratio, reduction time are 1 300°C, 1 and 15 min respectively, removal rates of Zn, Pb, K and Na are 97.1 %, 99.4 %, 94.5 % and 89.6 % respectively, at the same time the metallization rate is 80.6 %, which can meet demands of the blast furnace. X-ray mapping analysis via scanning electron micrograph (SEM) for Zn, Pb, K and Na in the cold bonded briquettes at different reduction time and different selected areas tells that Zn, Pb, K and Na located in edge of the briquettes remove faster than those located in the center of briquettes. The dust arrested in the reduction process, called as secondary dust, is proved to be mixture of mainly Zn, ZnO, KCl and NaCl by X-ray diffraction (XRD) analysis and SEM EDS (energy-dispersive spectrometry), and contents of Zn and KCl are obtained as over 60 % and nearly 20 % respectively, while Pb is probably in an insufficient amount to be detected. Water leaching tests arrive at a conclusion that primary separation of Zn and Pb from K and Na is obtained as expected, meanwhile content of element Zn increases from 57.9 % in the initial secondary dust to 73.6 % as ZnO in the leaching residual.
Introduction
Steel production is associated with a significant accumulation of wastes, as slag, sludge, flue dust and gases. Some of these are recyclable, others are toxic constituting hazardous wastes, which should be processed, in order to be reutilized or discharged properly in order to reduce environmental impact. According to statistics, yield of the flue dust and sludge is 8-12 % of the steel output. China's crude steel output broke through 0.5 billion tons in 2008, that is to say, 40-60 million tons dust and sludge were generated last year. Most of these dust and sludge not only contains Fe and C with attractive amounts, but also contains Zn, Pb, K and Na to some extent. There is a disadvantage to return these dust and sludge directly to sinter plant for recovering Fe and C, 1, 2) because Zn, Pb, K and Na in this circle would be concentrated and finally produce adverse effect on normal running of the blast furnace.
Meanwhile, Zn, Pb and K are sometimes perceived as valuable components due to the relatively large amount present in some of these metallurgical wastes. Many processes have been or are being developed worldwide to recover the values from the dust or sludge or render them nonhazardous through stabilization or vitrification. 3, 4) These can be pyrometallurgical, 5, 6) Hydrometallurgical, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or a hydration of both. 18) However, finding a cost-effective and environmental-friendly process remains the major challenge. A variety of processes have been attempted for dust recycling, but most have never reached pilot scale, and investigation were discontinued because both metallurgical and economical inefficiencies. In contrast, RHF (rotary hearth furnace) is acknowledged as an effective technology for treating metallurgical wastes which contains attractive amount of Fe and C, in that it can not only reduce iron oxides into metal Fe with the C contained as reduction agent, but it is proved to remove Zn from the dust. RHF has been successfully applied into production of metalized agglomerate for blast furnace with metallurgical wastes in Japan. 19, 20) Usually the fine metallurgical dusts and sludge waiting for RHF treatment are firstly mixed with appropriate amount of adhesive bond and water and then made into cold bonded briquettes with a pelleting press. Then the prepared briquettes are fed to the RHF for metallization of iron oxides and removal of Zn, Pb, K and Na. Using RHF for treatment of metallurgical waste needs not preparation of fuel or deep processing of the material, it therefore has wide application prospect. However, seldom research touches particularly on removal behavior of Zn, Pb, K and Na from the RHF process, including how fast or in what phases they removed. Answers to these questions have great guiding significance in choosing not only collection and recycling methods for second-ary dust of RHF, but in determining waste heat utilization techniques of the tail gas.
In this work, a simulation test of RHF was made using blast furnace dust, converter dust, electric arc furnace dust and converter sludge as materials, with Zn content in the blast furnace dust up to 16 %. Firstly effects of temperature and C/O molar ratio on metallization rate and removal rate of Zn, Pb, K and Na were investigated. Then X-ray mapping via scanning electron micrograph (SEM) for elements Zn, Pb, K and Na in the reduction process were resorted to observe the removal regularity. Characterization of the secondary dust, the dust arrested in the reduction process, was made with the help of XRD and SEM EDS (energy-dispersive spectrometry). In addition, water leaching experiment was carried out for separating Zn and Pb from K and Na. This work is expected to provide information on removal and recovery of Zn, Pb, K and Na when RHF is taken to treat metallurgical wastes.
Materials and Methods

Preparation of Cold Bonded Briquettes
The cold bonded briquettes used in this work were prepared by mixing the metallurgical dusts including blast furnace dust, converter dust, electric arc furnace dust and converter sludge with proper proportions, adding 2 % of bentonite as the adhesive bond and making the briquettes with a pelleting press. Then five kinds of briquettes with different molar ratio of C/O (0.7, 0.8, 0.9, 1.0 and 1.1) were made, where molar weight of the element O refers to those combined with elements Fe, Zn and Pb. Each of the briquettes was elliptical with a size of 40 mmϫ30 mmϫ 20 mm and about 30 g in weight after being dried adequately at 110°C. Composition of the prepared briquettes were analyzed and listed in Table 1 .
Experimental Apparatus
In this work, a set of apparatus was developed for reduction of the cold bonded briquettes and collection of secondary dust, which mainly contains Zn, Pb, K and Na, released from the reduction process. "Secondary dust" is so called because the briquettes used as materials in this paper were made by mixing several kinds of metallurgical "dusts". Schematic diagram of the apparatus is shown in Fig. 1 . The cold bonded briquettes, which were put in a graphite boat, were sent to the high temperature zone of a horizontal resistance furnace after being preheated at 1 000°C for about 4 min. Gas flow rates were set at 1.6 L/min of N 2 and 0.4 L/min of CO 2 . These flow rates were fixed by simulating gas composition of the actual RHF.
Under the reducing conditions, elements Zn, Pb, K and Na contained in some constituents in the briquettes can be removed by reduction to metals or by evaporation directly in the form of gas initially, but once the gas mixture left the high temperature zone of the furnace, it was cooled down and adhered to inside of the furnace tube and the absorption bottles, and the secondary dust was thus formed. For mass balance of Zn, Pb, K and Na, the three collection bottles were filled with 5 % of hydrochloric acid solution, and the dust left inside the furnace tube and all the collecting pipes were also washed down by diluted hydrochloride acid solution. While for dry secondary dust collection, the first two collection bottles were empty, with only the last one filled with 5 % hydrochloride acid solution.
Methods
In the first part of this paper, effects of molar ratio of C/O, temperature and reduction time on metallization rate and removal percentage of Zn, Pb, K and Na were investigated respectively. Once the reaction reached the given time, it was terminated by covering carbon powder on the briquettes to cool them down. Then the metallization rate of iron components and removal percentage of elements Zn, Pb, K and Na were obtained by chemical analysis. The metallization rate of iron components, h Fe , is defined as follows:
Where, M Fe and T Fe represent metallic iron content and total iron content, respectively, in the reduced briquettes. Removal percentage of Zn, Pb, K and Na from the briquettes, h i (iϭZn, Pb, K, Na), can be described as
Where, m i0 and m i refer to total mass of each element in the initial briquettes and that in the briquettes after being reduced, respectively.
Meanwhile, X-ray mapping via SEM were resorted to observe distribution density variation of elements Zn, Pb, K and Na in different locations of the briquettes with reduction period increasing. Three representative position points, center, 1/4 section and edge of the briquettes, at three re- Table 1 . Chemical composition of the cold bonded briquettes (wt%). duction time points, 4 min of preheating, reaction for 6 min and reaction for 15 min, were selected to study their removal regularity.
In the second part, mass balances for Zn, Pb, K and Na in the reduction process were done respectively by analyzing concentration of them in all of the three absorption bottles, and that in both initial prepared briquettes and the briquettes after reduction. In addition, secondary dust was collected, and XRD together with SEM EDS was employed to characterize the phase composition.
Finally, according to the characterization results, water leaching was proposed to separate Zn and Pb from K and Na, and the leaching results were also shown and analyzed.
Results and Discussion
Effect of C/O Molar Ratio and Temperature on
Metallization Rate of the Briquettes Effects of C/O molar ratio and temperature on metallization rate of the briquettes are shown in Fig. 2 .
As illustrated in Fig. 2 (a), C/O molar ratio has a great effect on the metallization rate of the cold bonded briquettes. The metallization rate increases from 47.8 to 88.1 % with C/O increasing from 0.7 to 1.1. Figure 2 (b) shows reduction temperature also influences the metallization greatly. And the metallization rate increases with increasing of the temperature, which increases from 76.7 to 87.6 % when the temperature increases from 1 250 to 1 330°C.
Reduction of metal oxides by solid carbonaceous reducing agents involves reduction both by solid carbon and by carbon monoxide. The indirect reduction of a metal oxide by carbon monoxide is a gas-solid reaction and is more kinetically favorable than the solid-solid reduction reaction by solid carbon. For relatively low stability metal oxides, the indirect reduction reaction predominates, while for stable metal oxides the direct reduction reaction prevails. In the case of the briquettes made by metallurgical dusts, it would be expected that indirect reduction would prevail not only for the reduction of the zinc and lead oxides, but also for the reduction of hematite (Fe 2 O 3 ) to wustite (FeO) through magnetite (Fe 3 O 4 ). At the same time, the reduction of wustite (FeO) to Fe would be expected to be mainly due to direct reduction. As suggested in Ellingham diagram, 21) reduction of iron oxides can be divided into three steps, Fe 2 O 3 →Fe 3 O 4 →FeO→Fe is the order, where the last step, FeO→Fe requires enough high temperature and proper reduction atmosphere. However, direct reduction still may probably give large contribution to the reduction step from hematite (Fe 2 O 3 ) to wustite (FeO), as well as from zinc and lead oxides to zinc and lead metals, if close contacts are existent between these oxides and carbon materials.
In addition, zinc ferrite (ZnFe 2 O 4 ) is another iron form in the briquettes, and reduction of zinc ferrite may also affect the metallization rate, therefore it is necessary to consider reduction of zinc ferrite by carbon, carbon monoxide and/or metallic iron. The details have been arranged in Sec. 3.2.
Effect of Temperature on Removal Rate of Zn, Pb,
K and Na from the Briquettes In order to clarify removal regularity of elements Zn, Pb, K and Na from the prepared cold bonded briquettes in the simulated RHF, effects of temperature on their removal rate were investigated respectively, and the results are shown in Fig. 3 . It can be clearly seen that removal rate of all of the four elements are faster when the reduction temperature is higher, and all the steady state can be reached within 30 min, no matter how low the temperature is within the temperature range of 1 200-1 330°C. And removal percentages of the four elements are all above or about 90%.
K and Na in the briquettes are existed as chlorides. Saturated vapor pressures of KCl and NaCl at 1 200°C are 18.4 kPa and 10.8 kPa respectively. Therefore removal of elements K and Na from the briquettes is actually attributed to volatilization of KCl and NaCl at the experimental temperatures.
However, forms of Zn were detected as zincite (ZnO) and zinc ferrite (ZnFe 2 O 4 ), and that of Pb with a relatively slight amount as lead oxide (PbO). It is not much probable that forms of Zn and Pb would be chlorides. On one hand, no such chlorides were detected by X-ray diffraction in our earlier work; on the other hand, by making a reference to chlorine content in Table 1 , no enough chlorine was contained to form chloride of Zn or Pb.
In the presence of carbon, reduction of the zinc and lead oxides in the briquettes can be described as the following equations:
ZnOϩCϭZn Figure 4 shows the standard free energy changes for these reactions in the temperature range of 200-1 400°C. Pb has a relatively high boiling point as 1 740°C and thus for the purposes of these calculations, the Pb was considered to be in the condensed state as liquid (l). It can be clearly seen that under reducing conditions, direct reduction Eqs. (3), (5) and (7) of these metal oxides by solid carbon is favorable than indirect reduction Eqs. (4), (6) and (8) by carbon monoxide. And Eq. (4) is even not favorable over the whole temperature range (200-1 400°C). Otherwise, reaction (8) is favorable at temperatures above about 250°C, while reaction (7) is even more favorable above about 650°C. Pickles 22) indicates that under reducing conditions, these reactions promote both the decomposition of the ZnFe 2 O 4 and the formation of FeO. In addition, although Eq. (9) only seems to be favorable above 1 300°C and Eq. (10) above 1 000°C according to Fig. 4 , the two equations still possibly occur, because concentration of Fe in the briquettes is relatively very high, and metallic Zn is highly volatile especially at the experimental temperature.
It is well known metallic Zn is highly volatile and equilibrium vapor pressure of metallic Zn at 1 200°C is about 10.3 atm. 23 ) So removal of Zn from the briquettes in the simulated RHF is probably counted on reduction of ZnO to Zn vapor which was taken away by the continuous gas flow. However, vapor pressure of metallic Pb at 1 290°C is about 6.7 kPa while that of PbO at 1 265°C is about 13.3 kPa. 24) So considering the slight amount of PbO in the briquettes, removal of Pb constituents from the briquettes is presumed to be by direct volatilization of PbO or by firstly being reduced as metallic Pb and then being volatilized and taken away, since solid-solid reduction reaction to any great extent depends on diffusion in the solids and there has to be intimate contact between PbO and the solid carbon.
Meanwhile, in order to further investigate where the removal begins from, and how long the steady state needs, Xray mapping via SEM of Zn, Pb, K and Na were done for reduced briquettes with reduction time lasting for 0 min (that is 4 min of preheating), 6 min and 15 min, and with three selected section of the briquettes, the center, 1/4 section away from the right edge and the edge. Taking elements Zn and Na for example, the scanning results are illustrated in Fig. 5 .
As can be seen clearly from Fig. 5 , in the initial 4 min of preheating, Zn and Na in the briquettes has no apparent removal appearance, with almost the same distribution density for three selected points. However, when the briquettes were reduced for 6 min, concentration distribution of elements Zn and Na both present a concentration gradient: concentration of them in the center is the highest, and that in the edge is the lowest. It is presumed that reason for the concentration gradient is migration of Zn and Na or their compounds in gas phase through pore space of the briquettes and thus resulted in removal rate difference from different positions of the briquettes. And they appear almost the same distribution when the briquettes were reduced for about 15 min in three positions, which means the steady state has been reached.
Characterization of the Secondary Dust
The X-ray pattern of the secondary dust is shown in Fig.  6 . Four major phases are identified: Zn, KCl, NaCl and ZnO. The other phases in the dust may also be present, but in insufficient amounts for an appropriate detection. Figure 7 shows a general distribution of the secondary dust particles, where most particles are spherical, and some are quadrate as well. This technique shows that the secondary dust contains very fine particles, i.e., smaller than 10 mm. However, for actual RHF, particle size of the secondary dust may be much larger, because some of the particles with larger size may be arrested after being blown out of the furnace by the powerful gas flow, and the longer crystallization distance may also benefit for dust particles to grow bigger. Figures 8(a) and 8(b) show typical scanning electron micrographs of the obtained secondary dust, with EDS analysis of selected particles. It can be seen clearly from Fig.  8(a) that the spherical particles contain mainly Zn and a very small amount of O. And occurrence of the peaks of Pt is because the prepared samples for imaging and EDS analysis are platinum coated. In addition, Fig. 8(b) shows that the quadrate particle contains mainly elements Cl and K. It is presumed that these quadrate ones in the dust are KCl particles. On one hand, KCl has a cubic crystal structure; and on the other hand, the XRD result shows that KCl is one of the major phases identified in the dust. In fact the same finding was made in another work of the author, 16) where the KCl particle was found out and confirmed in sintering dust arrested by electrostatic precipitator. So element Zn identified in the EDS analysis of point 1 of Fig. 8(b) is probably resulted from overlaying of small Zn particles on the KCl. This is not difficult to understand because Zn content in the arrested secondary dust is over 60 %, while that of KCl is less than 20 %. EDS analysis results of point 2 and area 3 as well proves the conclusions drawn above. The spherical particle 2 contains mainly Zn, and although with slight amount of dust particles in area 3, there are mainly elements Zn, Cl and K detected.
Mass Balance of Elements Zn, Pb, K and Na
Mass balance of elements Zn, Pb, K and Na in the reduction process was calculated by chemically analyzing their concentration in the initial prepared briquettes, in the briquettes after being reduced and in the three collection bottles. Total masses of the briquettes before and after reduction and volume of total absorption solution are measured respectively. Meanwhile comparison was made between concentrations of the four elements in the three collection bottles, so as to testify whether the diluted chloride acid is the proper absorption solution. The analysis details are listed in Table 2 .
As can be seen from Table 2 , concentration of Zn, Pb, K and Na in the three stages adsorption bottles presents the same distribution rule: the concentration of them in the first adsorption bottle is more than 10 times larger than that in the latter two, which means they volatilize in the phases that can be quickly trapped in the diluted chloride acid. The data of percent adsorption tell that the volatized Zn, Pb, K and Na or their compounds can be almost completely absorbed in this way, where the datum 100.7 may be caused by analytical error.
Once the volatized matters including Zn, Pb, K and Na and their compounds left the high temperature zone of the furnace, they were gradually setting down and adhered on inside surfaces of the tube wall, collection tubes and bottles. In order to check the difference of setting rate of them, the secondary dust sampled from three selected sampling points were subjected to chemical analysis for Zn, Pb, KCl and NaCl. The three selected sampling points 1, 2 and 3 located inside the tube furnace and absorption bottles were in the order of gradually far from the high temperature zone of the tube furnace. The comparison is made in Table 3 .
It is worthy to be noted from Table 3 that items Zn, Pb, KCl and NaCl present some specific rule: percentages of Zn and Pb slightly decreases with sampling points gradually far from the high temperature zone of the tube furnace (1→2→3), while those of KCl and NaCl are quite the opposite. This phenomenon suggests that Zn and Pb have a faster setting rate than KCl and NaCl after being volatized, possibly because KCl and NaCl have higher vapor pressure than Zn and Pb or their oxides at the same temperature leaving from the high temperature zone. However, except for vapor pressure, difference of size and shape of precipitated particle may also affect their trapped point.
Separation of Zn and Pb from K and Na
As discussed previously, weight percentage of element Zn in the secondary dust is up to 60 %, and that of KCl is up to 20 %, which are the major two constituents. Considering their difference in water-solubility, water leaching is thus chosen to separate Zn and Pb from K and Na. As to a given secondary dust, with composition analysis results listed in Table 4 , water leaching test was done to obtain leaching percentage of major elements in the dust. At the same time, composition of the leaching residual is also analyzed, and the results are shown in Table 4 .
It can be clearly seen that leaching percentage of ele- Table 2 . Mass balance calculation of elements Zn, Pb, K and Na in reduction process of the briquettes. ments K, Na and Cl are all over 90%, while that of Zn is only 2.68%, which shows the high efficiency of water leaching for the primary separation of Zn from K and Na. The other elements are also leached to some extent, but it is not worthwhile to pay much attention in view of their total content very low in the initial secondary dust. Furthermore, X-ray diffraction pattern analysis of the leaching residual was also made, and the result is shown in Fig. 9 . As expected, only ZnO was identified in the leaching residual, because water-soluble KCl and NaCl are dissolved in the leaching solution, and fine Zn metal particles are oxidized to ZnO in the water leaching process. Similarly, some other phases such as oxides of Pb are present but not detected still due to its insufficient amount. In this paper, the reduction experiment of cold bonded briquettes is in fact a simulation test of RHF reduction for treatment of metallurgical wastes. It is reasonable to believe that RHF will produce abundant secondary resources of Zn, Pb, K and Na, since there are a great variety of metallurgical wastes generated in iron and steel making process. According to the points mentioned, a schematic diagram about treating metallurgical wastes, separating and recovering the secondary dust of RHF is illustrated in Fig. 10. 
Conclusions
A simulation test of RHF for treatment of metallurgical wastes was done in this paper. In particular, absorption and characterization of the secondary dust have been paid much attention, and some conclusions can be drawn as follows:
(1) Metallization rate of iron components in the briquettes increases with increasing of temperature and C/O molar ratio. When temperature and C/O are 1 300°C and 1 respectively, the metallization rate is up to 80.8 %.
(2) Removal rate of Zn, Pb, K and Na increases with increasing of reduction time and temperature. They are 97.1 %, 99.4 %, 94.5 % and 89.6 % respectively at 1 300°C for reducing 12 min, suggesting RHF for dealing with metallurgical dusts is good for removal of Zn, Pb, K and Na. At the same time, the metallization rate of the briquettes is 80.6 %, which can meet the demand of blast furnace.
(3) The secondary dust is formed after the volatized Zn, Pb, K and Na is taken away by the continuous gas flow and gradually deposits. Due to difference of the equilibrium vapor pressure, particle size and shape, the depositing rates of the four elements present some difference. Contents of Zn and Pb in the sampled secondary dust decrease and those of K and Na increase when the sampling point is far from the high temperature zone of the tube furnace along the direction of gas flow.
(4) X-ray diffraction and SEM EDS analysis results show that major phases in the secondary dust are Zn, ZnO, KCl and NaCl. The other phases in the dust may also be present, but in insufficient amounts for an appropriate detection. Zn content in the secondary dust gets to over 60 %, and KCl content to nearly 20 %, suggesting the secondary dust of RHF is expected to be abundant secondary resources of Zn and K.
(5) Water leaching is proposed to separate Zn and Pb from K and Na in the secondary dust. It is found that leaching rate of K, Na and Cl are all over 90 %, while that of Zn only about 2.68 %. Thus KCl and NaCl are leached into the leaching solution, while ZnO are left in the leaching residual, of which the content is further concentrated. Table 4 . Composition analysis of the secondary dust before and after water leaching (wt%). 
